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Many applications require detection of fissionable material

Requirement for 100% cargo scanning legislated in 2007

Cargo scanning Treaty verification/arms control

Wide area search Safeguards
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Radiographic methods are powerful, but…

Exceptions: NRF, neutron resonance radiography

 26 

  

Figure 3 | Transmission imaging of a test object placed behind 14 inch-thick borated 

polyethylene. (a) Photo of the uranium-containing object used for demonstration of transmission 

imaging. (b) Measured transmission integrated over the entire measured spectrum. (c) Effective 

atomic number, Zeff, reconstructed from the measured spectrum (please see Supplementary 

Material for details of the reconstruction). (d) Schematic of the object. 1 and 2 – uranium rods 

with aluminum cladding, lead, 3 – tungsten, 4 and 5 – lead and aluminum plates, respectively. (e) 

Calculated theoretical transmission of the test object for the average photon energy. (f) 

Calculated effective atomic number, Zeff, of the composite test object based on the known 

composition of the object. The indices on axes in (b), (c), (e) and (f) correspond to a step size of 

25 mm in vertical direction, set by the detector pixel size (eight detectors were used in the array), 

and 3 mm in horizontal direction, set by the translation of the scanned object (total of 44 steps).  
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Typically there is no isotopic selectivity and contrast may not be sufficient to 
uniquely identify different elements.
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We desire to detect unique signatures of fissionable materialsAvailable signatures for neutrons and photons 
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We experimentally investigated prompt and delayed 
neutron measurements in different AI environments

Major goals: 
• Study practical aspects of measurements in AI (probes, detectors, DAQ) 
• Determine the extent to which simulations can predict the details of 

experimental outcomes (such as yields and emission time profiles)
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We experimentally investigated prompt and delayed 
neutron measurements in different AI environments

portable neutron generator RFQ accelerator

Major goals: 
• Study practical aspects of measurements in AI (probes, detectors, DAQ) 
• Determine the extent to which simulations can predict the details of 

experimental outcomes (such as yields and emission time profiles)

Treaty verification scenario: 
DD interrogation 
prompt neutrons

Cargo scanning scenario: 
11B(d,n)12C interrogation 

delayed neutrons

ProductSpecifications

Thermo Scientific MP 320
Lightweight, Portable Neutron Generator

The Thermo Scientific MP 320 is a very
lightweight portable neutron generator
suited for the most demanding field or
laboratory applications. It has very low
power requirements and may be operated
from battery or vehicle power sources. 
It is available with either a Deuterium-
Tritium (DT) or a Deuterium-Deuterium (DD)
neutron tube. 

Applications
• Explosive detection
• Buried land mines
• Chemical weapons
• UXO analysis
• Drug detection
• In-Vivo body composition
• Minerals mining and exploration
• Bulk materials (coal, cement)

Features
• Digital control, operation, diagnostics
• 108 n/s, 250 Hz to 20 kHz pulse rate
• Easy systems integration
• Low power, less than 50 watts

The Thermo Scientific MP 320 is a
lightweight, portable neutron generator
suited for field or laboratory applications. 
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We conducted measurements at the Nevada National Security Site

Device Assembly Facility
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A flexible shell-like configuration of HEU was used with a primary 
goal to conduct transmission neutron imaging

Rocky Flats Shells

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting

FIG. 2. Laboratory schematic for DD transmission measurements. DT measurements used a

geometrically identical setup.

FIG. 3. View of the laboratory setup

the raw DD source (beam on, no target) and background (beam o↵, no target) were also122

recorded.123

The following measurements were made on the HEU target in the “half” configuration using124

both the DD and DT sources, as well as on a hollow tungsten sphere with an inner radius of125

6.4 cm and an outer radius of 8.9 cm using the DD source. Five transmission measurements126

of the HEU target were taken over a total measurement time of 3 hours and 20 minutes. The127

dimensions of the experimental setup remained unchanged from the prior measurement.128

The final set of DT transmission measurements was conducted on the “full” HEU target, as129

well as two shielded configurations. The first shielded configuration used a hollow polyethy-130

lene sphere with a thickness of 3.81 cm placed around the target with a gap of 2 cm between131

the HEU and polyethylene shield. The second shielded configuration used a hollow tungsten132

shield with a thickness of 2.54 cm and a 0.7 cm gap between the shield and HEU sphere.133
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FIG. 1. Geometric configurations of the Rocky Flats HEU shells: (a) full configuration; (b) half

configuration.

Two monoenergetic neutron sources of 2.45 MeV and 14.1 MeV neutrons produced from105

D(d,n)3He (DD) and T(d,n)4He (DT) fusion reactions were used, respectively. A Thermo106

Scientific model MP 320 neutron generator with interchangeable DT and DD tubes was107

employed with an approximate isotropic neutron yield of 106 and 108 neutrons/s for the DD108

and DT reactions, respectively. The operating parameters for the neutron generator using109

the DD tube were 95 kV and 60 µA, while in the DT tube case the operating parameters110

were 70 kV and 45 µA.111

The detectors were tested and calibrated using a 252Cf source and a 137Cs source. Neutron112

transmission measurements were subsequently made using the DD source with the target in113

the “full” configuration. The laboratory setup can be seen in Figures 2–3.114

The DD source and HEU target were placed on a table at a height of 77 cm, such that the115

height of the source and target centers aligned with the central height of the detectors to116

within 1 cm. The source-target distance was 30 cm from center to center, and the source-117

detector distance was 155.5 cm from center to center. Four transmission measurements were118

taken for a cumulative measurement time of approximately 3 hours. The HEU target was119

then replaced with a hollow tungsten sphere with an inner radius of 6.4 cm and an outer120

radius of 8.9 m to obtain transmission data for a non-fissile material. Measurements of121

5

13 kg HEU
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A transmission geometry was implemented with DD and DT 
neutron sources and a linear array of liquid scintillators

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting

FIG. 2. Laboratory schematic for DD transmission measurements. DT measurements used a

geometrically identical setup.

FIG. 3. View of the laboratory setup

the raw DD source (beam on, no target) and background (beam o↵, no target) were also122

recorded.123

The following measurements were made on the HEU target in the “half” configuration using124

both the DD and DT sources, as well as on a hollow tungsten sphere with an inner radius of125

6.4 cm and an outer radius of 8.9 cm using the DD source. Five transmission measurements126

of the HEU target were taken over a total measurement time of 3 hours and 20 minutes. The127

dimensions of the experimental setup remained unchanged from the prior measurement.128

The final set of DT transmission measurements was conducted on the “full” HEU target, as129

well as two shielded configurations. The first shielded configuration used a hollow polyethy-130

lene sphere with a thickness of 3.81 cm placed around the target with a gap of 2 cm between131

the HEU and polyethylene shield. The second shielded configuration used a hollow tungsten132

shield with a thickness of 2.54 cm and a 0.7 cm gap between the shield and HEU sphere.133
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We used both DD and DT neutrons

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting

by a single detector. A base detection threshold of 200 keVee was applied, and neutron pulses160

were selected by fitting a Gaussian model over the recoil region (PSP range of 2.7–4.5). The161

neutron region was then defined by a one-sigma cut around the centroid of the Gaussian fit162

for each detector channel. At high light outputs, curvature in the photon region caused it163

to overlap with the neutron-pulse PSP range, so an upper light output cut of 4 MeVee was164

also applied.165
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FIG. 4. Example DD measurement PSP distribution for a single detector channel.

For the DT neutron measurements, significant pile-up e↵ects in the lower light output range166

caused a curvature in the PSP distribution. To eliminate this skewing e↵ect and provide a167

more robust definition of the neutron PSP range, a light output threshold of 4 MeVee was168

applied. The PSP range for each detector channel corresponding to neutron pulses was then169

defined using the same process used for the DD data. Figure 5 shows the PSP distribution170

for the DT measurements for a single detector after the application of the 4 MeVee light171

output threshold.172

B. DD transmission173

Neutron transmission data were used to construct one-dimensional image profiles for each174

tested target configuration. This technique could be relatively easily incorporated into a175

zero-knowledge protocol, as a comparison of the measured transmission profile to a pre-176

loaded template for a particular target would allow a di↵erential determination to be made177

without revealing the geometric characteristics of the target. Figure 6 shows the DD neutron178

transmission images for the full and half target configurations, representing a hypothetical179
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FIG. 5. Example DT measurement PSP distribution for a single detector channel with 4 MeVee

cut applied.

di↵erential measurement. Even for such crude resolution, the two scenarios are clearly180

distinguishable, and the diversion of material is apparent.181
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FIG. 6. Experimental DD neutron transmission images for full and half HEU target configurations.

Validation of the experimental results and further explorations of potential measurement182

system capabilities were conducted by Geant4 simulation. To begin, reconstruction of the183

laboratory conditions in simulation was beset by a number of uncertainties, including an184

unknown neutron flux from the DD source and the magnitude and spectrum of the room-185

return neutrons. Based on experimental measurements of the raw DD source and initial186

simulations of absolute detector e�ciency at each channel position, the source neutron flux187

was estimated to approximately 106 neutrons/s. However, using this flux as the basis for188

simulation, the simulated and experimental data still exhibit a significant disagreement.189

9
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A common practical issue when trying to reconcile 
simulations and experiments is the room return

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting

Since the room geometry is complex and the information is lacking to model it accurately,190

an alternative method is needed to account for the e↵ect of room return neutrons on the191

measurements. We hypothesized that raising the light output threshold would have a dis-192

proportionate e↵ect in discriminating lower-energy scattered neutrons, and thus greatly193

suppress the room-return contribution to the measured spectra. Figure 7 shows a compar-194

ison of experimental and simulated results for increasing light output threshold increments195

of 100 keVee from the initial threshold of 200 keVee up to 600 keVee, which was the up-196

per bound for the light output cut before measurement and simulation statistics start to197

significantly deteriorate.198
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FIG. 7. DD transmission images, experiment (black) vs simulation (red). Light output cuts:

(a) 200 keVee; (b) 300 keVee; (c) 400 keVee; (d) 500 keVee; (e) 600 keVee. Progressively increasing

light output cuts show an increased suppression of room-return contribution.

The increased light output cuts demonstrate e↵ective suppression of the room return, but not199

all of the room return is rejected by this method. A significant amount of high-Z material is200

10
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A constant scaling factor was still 
needed to achieve good agreement 
between simulation and experiment.



I. Jovanovic13

Sensitivity to object geometry (diversion resulting 
in geometric anomaly) was demonstrated

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting
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FIG. 10. Experimental and simulated DD neutron transmission images for the DD source only (no

object in place).
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FIG. 11. Calculated DD neutron transmission images for incremental shell configurations. The

legend indicates the shell numbers that have been removed from the full configuration of shells

(1–24).

likely achievable with longer measurement times, with the limiting factor being the total time241

allotted for measurement in a particular verification scenario. Another limit on resolution242

comes from the geometry of the target. For smaller amounts of diverted material, the size243

of the empty inner cavity is small relative to the spacing of detectors in the array. Since244

the two central detectors are not placed exactly along the central axis of the target, the245

change in interceding material for small-cavity configurations (e.g. between the 1–2 and 1–4246

configurations in Figure 11) is less pronounced than it would be for a more centrally located247

detector. While it is obvious that a detector array with more pixels would provide a more248
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FIG. 13. Experimental vs simulated DT neutron transmission images for full HEU target.
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FIG. 14. Experimental vs simulated DT neutron transmission images for half HEU target.

80 seconds of measurement time.269

The capabilities of the DT transmission imaging system were also tested under two shielding270

scenarios. Figure 16 shows the transmission image for the full HEU shell configuration with271

the 3.81 cm polyethylene shield in place. As a consequence of the high light output cut of272

4.0 MeV, the transmission image is derived primarily from neutrons that do not lose energy273

by interacting in the shield. The neutron detection rate is dramatically reduced from the274

unshielded scenario, but any complications due to neutron moderation are eliminated by the275

use of a higher light output threshold. Though the di↵erence in detected neutron rate be-276

tween the detectors that are obscured by the target and those that are not is less pronounced277

in the overall image profile, the geometric shape of the target is still readily distinguishable,278

which suggests that detection of geometric anomalies would not be significantly inhibited279

15

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting

Channel
1 2 3 4 5 6 7 8

]
-1

D
e

te
ct

e
d

 N
e

u
tr

o
n

 R
a

te
 [

s

50

100

150

200

250

Simulation
Experiment

FIG. 13. Experimental vs simulated DT neutron transmission images for full HEU target.
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FIG. 14. Experimental vs simulated DT neutron transmission images for half HEU target.

80 seconds of measurement time.269

The capabilities of the DT transmission imaging system were also tested under two shielding270

scenarios. Figure 16 shows the transmission image for the full HEU shell configuration with271

the 3.81 cm polyethylene shield in place. As a consequence of the high light output cut of272

4.0 MeV, the transmission image is derived primarily from neutrons that do not lose energy273

by interacting in the shield. The neutron detection rate is dramatically reduced from the274

unshielded scenario, but any complications due to neutron moderation are eliminated by the275

use of a higher light output threshold. Though the di↵erence in detected neutron rate be-276

tween the detectors that are obscured by the target and those that are not is less pronounced277

in the overall image profile, the geometric shape of the target is still readily distinguishable,278

which suggests that detection of geometric anomalies would not be significantly inhibited279
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Simulation of shell removal
“Full” configuration

“Half” configuration

This agreement between experiment and 
simulation was used to determine the 
angular neutron flux produced by the 
neutron generator.
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We imposed a higher light output threshold  
to measure the prompt fission neutron rate

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting

by a single detector. A base detection threshold of 200 keVee was applied, and neutron pulses160

were selected by fitting a Gaussian model over the recoil region (PSP range of 2.7–4.5). The161

neutron region was then defined by a one-sigma cut around the centroid of the Gaussian fit162

for each detector channel. At high light outputs, curvature in the photon region caused it163

to overlap with the neutron-pulse PSP range, so an upper light output cut of 4 MeVee was164

also applied.165
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FIG. 4. Example DD measurement PSP distribution for a single detector channel.

For the DT neutron measurements, significant pile-up e↵ects in the lower light output range166

caused a curvature in the PSP distribution. To eliminate this skewing e↵ect and provide a167

more robust definition of the neutron PSP range, a light output threshold of 4 MeVee was168

applied. The PSP range for each detector channel corresponding to neutron pulses was then169

defined using the same process used for the DD data. Figure 5 shows the PSP distribution170

for the DT measurements for a single detector after the application of the 4 MeVee light171

output threshold.172

B. DD transmission173

Neutron transmission data were used to construct one-dimensional image profiles for each174

tested target configuration. This technique could be relatively easily incorporated into a175

zero-knowledge protocol, as a comparison of the measured transmission profile to a pre-176

loaded template for a particular target would allow a di↵erential determination to be made177

without revealing the geometric characteristics of the target. Figure 6 shows the DD neutron178

transmission images for the full and half target configurations, representing a hypothetical179

8

Prompt fission neutrons
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We simulated the detected prompt fission rate 
and compared it with experiment

Spectroscopic Fast Neutron Transmission Imaging in a Treaty Verification Setting

from fission. The measured fission-neutron rate for the “full” shell configuration (13.74 kg307

of HEU) was 0.733 ± 0.0082 neutrons/s, while the measured rate for the “half” configu-308

ration (10.04 kg of HEU) was 0.513 ± 0.0065 neutrons/s. A background rate of 0.18 ±309

0.0135 neutrons/s above the fission-neutron threshold was also observed for the source-only310

data. Measurement of the tungsten sphere did not produce any appreciable fission-neutron311

signal above the background rate.312

Figure 18 shows a comparison of experimental fission-neutron measurements with simulated313

results for each incremental shell configuration. The background rate from the source-only314

data has been added to all simulated results to better represent the laboratory setting.315

Since the count rate for high-energy fission neutrons is very low, and the probability is316

good that any of these neutrons would retain nearly all of their energy when scattering o↵317

the materials in the room, this measurement is very sensitive to room return. To mitigate318

this sensitivity, a concrete floor was included in the simulation, but simulated transmission319

remained somewhat lower than the experimental data even after adjusting for background.320
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FIG. 18. Simulated and experimental fission-neutron count rates for various HEU shell configura-

tions.

The full and half HEU configurations both exhibit an elevated fission-neutron count rate321

compared to the background and tungsten measurements, demonstrating that the presence322

of fissile material can be confirmed with high confidence. The two shell configurations are also323

well-resolved from each other, showing that the fission-neutron rate can be used to determine324

the approximate fissile material quantity. The experimental results represent cumulative325

data collected over a total live time greater than three hours, whereas the simulated results326

18

Geant4 / MCNP
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We have been using the MIT Bates RFQ for 
proof-of-principle cargo scanning experiments

• 3 MeV deuterons 
• 0.25% duty cycle  
• up to ~20 µA, 300 Hz 
• 10 µs pulse width
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We developed specialized detectors suitable 
 for measuring the delayed neutron signal

“Triple PSD” compositesPVT-6Li glass composites PVT-6LiF:ZnS(Ag) 
composites

M. Sharma et al., 
NIMA 857, 75-81 (2017)

K. Wilhelm et al., NIMA 
842, 54-61 (2017)

M. Mayer et al., NIMA 
785, 117-122 (2015)
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Neutrons from long-lived delayed neutron groups 
can be used to infer the occurrence of fission
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<1% of neutron are delayed; emitted over scale of up to 10’s of seconds.

decay

to the measured delayed neutron rates have been calculated
using a model based on contributions from six delayed neu-
tron groups for fast neutron fission of 238U, which also
include the calculated detector efficiency for each neutron
group. The model is formulated as follows:

RdðtÞ ¼ Bþ C
X6

i¼1

!iYiðexpðtb=siÞ % 1Þ expð%t=siÞ; (1)

where Rd(t) is the detected decaying delayed neutron rate, B
is the constant neutron background, C is a scaling constant,
index i is the group number, !i is the detector efficiency for
group i, Yi is the b-delayed neutron yield per fission for
group i, and tb is the period over which the AI beam was
turned on. For the composite scintillation detector, the results
for the natural uranium and tungsten test objects can be seen
in Figs. 1(a) and 1(b), respectively. The equivalent results
for the liquid scintillation detector are shown in Figs. 2(a)
and 2(b).

A second set of delayed neutron signatures is obtained
from analyzing the delayed neutron buildup between the
accelerator pulses, starting with the time when the AI beam
is turned on. The buildup data from both detectors for a ura-
nium target were fitted to

RbðtÞ ¼ Bþ C
X6

i¼1

Yi!ið1% expð%t=siÞÞ: (2)

The tungsten data were fitted to a constant, in accordance
with the expectation that there was no buildup of neutrons

between the pulses. The results can be seen in Figs. 3 and 4
for the composite and the liquid scintillation detector,
respectively. A buildup is present with the 238U test object in
the beam for both detectors. With both detectors, buildup is
not observed with a control object composed of tungsten,
which does not undergo nuclear fission. The efficiency of the
composite capture-gated scintillation detector increases as
the neutron energy is reduced, while maintaining the same
ability to reject the c background. As a result, the intrinsic
detection efficiency for any neutrons that undergo scattering
prior to reaching detector is further increased. Conversely,
its efficiency is reduced for higher energy neutrons, such as
those that can be produced by cosmic ray interaction with
the surrounding material, and which would ultimately limit
the sensitivity of the technique when larger detector cover-
age is used.

In conclusion, we demonstrated the detection of 238U by
observing the delayed neutron emission from its fission,
which was induced by 11B(d,n)12C, a low-energy nuclear
reaction source that produces both the abundant high-energy
c rays and fast neutrons. This AI source is suitable for c
imaging and can also supply a probe to confirm the presence
of SNM.13 It has been shown that detection can be performed
not only using c-blind detectors such as 3He, but also using
particle discriminating detectors readily scalable to achieve
high coverage, including the EJ-309 liquid scintillator and a

FIG. 2. b-delayed neutrons observed after the AI beam incident on (a) natu-
ral uranium and (b) tungsten after the beam is turned off (t¼ 0) for the EJ-
309 liquid scintillation detector. The fit to nuclear data is shown in red.

FIG. 3. b-delayed neutrons buildup observed with the composite scintilla-
tion detector during the AI beam incidence on (a) natural uranium and (b)
tungsten. The beam is turned on at t¼ 0. The fit to nuclear data is shown
in red.
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to the measured delayed neutron rates have been calculated
using a model based on contributions from six delayed neu-
tron groups for fast neutron fission of 238U, which also
include the calculated detector efficiency for each neutron
group. The model is formulated as follows:

RdðtÞ ¼ Bþ C
X6

i¼1

!iYiðexpðtb=siÞ % 1Þ expð%t=siÞ; (1)

where Rd(t) is the detected decaying delayed neutron rate, B
is the constant neutron background, C is a scaling constant,
index i is the group number, !i is the detector efficiency for
group i, Yi is the b-delayed neutron yield per fission for
group i, and tb is the period over which the AI beam was
turned on. For the composite scintillation detector, the results
for the natural uranium and tungsten test objects can be seen
in Figs. 1(a) and 1(b), respectively. The equivalent results
for the liquid scintillation detector are shown in Figs. 2(a)
and 2(b).

A second set of delayed neutron signatures is obtained
from analyzing the delayed neutron buildup between the
accelerator pulses, starting with the time when the AI beam
is turned on. The buildup data from both detectors for a ura-
nium target were fitted to

RbðtÞ ¼ Bþ C
X6

i¼1

Yi!ið1% expð%t=siÞÞ: (2)

The tungsten data were fitted to a constant, in accordance
with the expectation that there was no buildup of neutrons

between the pulses. The results can be seen in Figs. 3 and 4
for the composite and the liquid scintillation detector,
respectively. A buildup is present with the 238U test object in
the beam for both detectors. With both detectors, buildup is
not observed with a control object composed of tungsten,
which does not undergo nuclear fission. The efficiency of the
composite capture-gated scintillation detector increases as
the neutron energy is reduced, while maintaining the same
ability to reject the c background. As a result, the intrinsic
detection efficiency for any neutrons that undergo scattering
prior to reaching detector is further increased. Conversely,
its efficiency is reduced for higher energy neutrons, such as
those that can be produced by cosmic ray interaction with
the surrounding material, and which would ultimately limit
the sensitivity of the technique when larger detector cover-
age is used.

In conclusion, we demonstrated the detection of 238U by
observing the delayed neutron emission from its fission,
which was induced by 11B(d,n)12C, a low-energy nuclear
reaction source that produces both the abundant high-energy
c rays and fast neutrons. This AI source is suitable for c
imaging and can also supply a probe to confirm the presence
of SNM.13 It has been shown that detection can be performed
not only using c-blind detectors such as 3He, but also using
particle discriminating detectors readily scalable to achieve
high coverage, including the EJ-309 liquid scintillator and a

FIG. 2. b-delayed neutrons observed after the AI beam incident on (a) natu-
ral uranium and (b) tungsten after the beam is turned off (t¼ 0) for the EJ-
309 liquid scintillation detector. The fit to nuclear data is shown in red.

FIG. 3. b-delayed neutrons buildup observed with the composite scintilla-
tion detector during the AI beam incidence on (a) natural uranium and (b)
tungsten. The beam is turned on at t¼ 0. The fit to nuclear data is shown
in red.
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We conducted delayed neutron measurements using 
the 11B(d,n)12C* active interrogation source
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I. EXPERIMENT

A. Layout of the experiment

The experiment was conducted in a 60 by 100 ft ware-
house at the Bates Research and Engineering Center.
The 3 MeV RFQ deuteron accelerator was approximately
in the center of the warehouse. The interrogated target
was placed one meter upstream of the boron target head
of the accelerator as seen in FIG. 1. Lead and borated
polyethylene surrounded the boron target head for shield-
ing and collimation. The composite detector was place
10 cm from the center of the interrogated target and the
EJ-309 detector was placed 30 cm from center the target.
The di↵erence of distance in the placement of detectors
was due to the physical constraints of the platform and
detector holders.
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FIG. 1. Layout of the experiment

a)Also at Pacific Northwest National Laboratory, Richland, WA
99354.; Electronic mail: michael.mayer@pnnl.gov

B. Overview of the 11B(d,n)12C nuclear reaction source

A low-energy nuclear reaction provides quasi-
monoenergetic neutrons and monoenergetic photons
(g rays) at several characteristic energies, which are used
as an active interrogation (AI) source in this work. The
kinematics of the 3-MeV deuteron driven 11B(d,n)12C
reaction (Q =??? MeV) and the structure of the product
12C nucleus determine the produced neutron and photon
energies (Table ???). Several photon energies from insert

table
with
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istic
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tron
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and
pho-
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ener-
gies
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C-12

insert
table
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ac-
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neu-
tron
ener-
gies
and
pho-
ton
ener-
gies
from
C-12

de-excitation of 12C⇤ can be used to induce fission in
natural uranium, including the prominent 15.1-MeV
g ray1 as well as the 10.7 and 12.7-MeV g rays. Ad-
ditional lower energy photons are produced, of which
the 4.438-MeV g ray is the most prominent and can be
useful for radiography. Several characteristic neutron

cite
SR
cite
SR

energies are produced by this reaction, ranging from
0.327 MeV to 16.5 MeV, with their energies broadened
by stopping in the thick natural boron target used in
the experiment. The fast neutron and 15.1-MeV photon
production rates normalized to accelerator current were
measured to be 1.3 ⇥ 109 s�1mA�1 6.2⇥106 s�1 mA�1 ,

Check
and
cite
SR
pa-
per

Check
and
cite
SR
pa-
per

yielding the neutron and proton fluxes of ??? cm�2s�1

and ??? cm�2s�1 at the location at which test objects
were placed.

TABLE I. Calculated neutron and photon energies from 12C

E⇤(C12⇤ ) (MeV) En (MeV) E� (MeV)
0

4.439

C. Neutron detectors

Although the sub-scale prototype composite detector

Describe
the
two
neu-
tron
de-
tec-
tors
used
in
the
ex-
peri-
ment.

Describe
the
two
neu-
tron
de-
tec-
tors
used
in
the
ex-
peri-
ment.

has a low intrinsic e�ciency (0.33%) for 252Cf fission neu-
trons2, the e�ciency of the detector increases for lower
energy neutrons while maintaining the same discrimina-
tion. A Geant4 simulation of the intrinsic capture ef-
ficiency for a range of incident neutron was performed.
The results, seen in Fig. 2, show that for 0.5 MeV neu-

-3.3 ms 0 ms -1 ms 

delayed prompt die-away 

Pulse n Pulse n-1 
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time 
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III. DELAYED NEUTRON DETECTION RATE113

In addition to estimating the neutron background detection rate, it is also necessary to114

predict the delayed neutron detection rate, which allows the estimate of the detection limit115

to be made. The active interrogation beam is assumed to be a repetitive pulsed source that116

is turned on, operates over an extended time period with a constant average flux, and is117

subsequently turned o↵. Fig. 1 illustrates the temporal model for the source used in this118

study. With this pulse format, delayed neutron emission can be measured between the pulses119

and also immediately after the pulsing beam is turned o↵. The expressions for the delayed120

FIG. 1. Interrogating beam (solid line) is assumed to consist of low-duty-cycle micropulses and is

operated over a time period tb. An illustration of the delayed neutron emission profile with its two

characteristic regions (buildup and decay) is shown with the dashed line
121

122

neutron detection rates during buildup (Nb) and after irradiation (Nd) are obtained from123

the decay-chain dynamics:124

dNb(t)

dt
= F

NgX

i=1

yiei(1� e�t/⌧i) (1)

125

dNd(t)

dt
= F

NgX

i=1

yiei(1� e�tb/⌧i)e�(t�tb)/⌧i (2)

The quantities used in Eqs. (1) and (2) are introduced in Table I. It is assumed here126

that the fission target is a non-multiplicative target and that the interrogation beam is127

operated continuously during the period (0, tb). The latter assumption is appropriate when128

the irradiation time tb is significantly longer than period of the pulsed source.129

If the neutron background detection rate can be obtained from the simulation of the130

cosmic neutron interactions with the detector and the delayed neutron detection rates can131

be expressed with Eqs. (1) and (2) with the aforementioned assumptions, one can use the132

5

4.4 MeV: 5.3 x 107 s−1 µA−1 

15.1 MeV: 6.2 x 106 s−1 µA−1 

Fast neutrons: 1.3 x 109 s−1 µA−1
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Typical PSD plots in AI environment
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We modeled the spectral evolution of delayed neutron emission 
and the energy-dependent detector efficiency
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low-energy neutrons.
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I. Jovanovicto the measured delayed neutron rates have been calculated
using a model based on contributions from six delayed neu-
tron groups for fast neutron fission of 238U, which also
include the calculated detector efficiency for each neutron
group. The model is formulated as follows:

RdðtÞ ¼ Bþ C
X6

i¼1

!iYiðexpðtb=siÞ % 1Þ expð%t=siÞ; (1)

where Rd(t) is the detected decaying delayed neutron rate, B
is the constant neutron background, C is a scaling constant,
index i is the group number, !i is the detector efficiency for
group i, Yi is the b-delayed neutron yield per fission for
group i, and tb is the period over which the AI beam was
turned on. For the composite scintillation detector, the results
for the natural uranium and tungsten test objects can be seen
in Figs. 1(a) and 1(b), respectively. The equivalent results
for the liquid scintillation detector are shown in Figs. 2(a)
and 2(b).

A second set of delayed neutron signatures is obtained
from analyzing the delayed neutron buildup between the
accelerator pulses, starting with the time when the AI beam
is turned on. The buildup data from both detectors for a ura-
nium target were fitted to

RbðtÞ ¼ Bþ C
X6

i¼1

Yi!ið1% expð%t=siÞÞ: (2)

The tungsten data were fitted to a constant, in accordance
with the expectation that there was no buildup of neutrons

between the pulses. The results can be seen in Figs. 3 and 4
for the composite and the liquid scintillation detector,
respectively. A buildup is present with the 238U test object in
the beam for both detectors. With both detectors, buildup is
not observed with a control object composed of tungsten,
which does not undergo nuclear fission. The efficiency of the
composite capture-gated scintillation detector increases as
the neutron energy is reduced, while maintaining the same
ability to reject the c background. As a result, the intrinsic
detection efficiency for any neutrons that undergo scattering
prior to reaching detector is further increased. Conversely,
its efficiency is reduced for higher energy neutrons, such as
those that can be produced by cosmic ray interaction with
the surrounding material, and which would ultimately limit
the sensitivity of the technique when larger detector cover-
age is used.

In conclusion, we demonstrated the detection of 238U by
observing the delayed neutron emission from its fission,
which was induced by 11B(d,n)12C, a low-energy nuclear
reaction source that produces both the abundant high-energy
c rays and fast neutrons. This AI source is suitable for c
imaging and can also supply a probe to confirm the presence
of SNM.13 It has been shown that detection can be performed
not only using c-blind detectors such as 3He, but also using
particle discriminating detectors readily scalable to achieve
high coverage, including the EJ-309 liquid scintillator and a

FIG. 2. b-delayed neutrons observed after the AI beam incident on (a) natu-
ral uranium and (b) tungsten after the beam is turned off (t¼ 0) for the EJ-
309 liquid scintillation detector. The fit to nuclear data is shown in red.

FIG. 3. b-delayed neutrons buildup observed with the composite scintilla-
tion detector during the AI beam incidence on (a) natural uranium and (b)
tungsten. The beam is turned on at t¼ 0. The fit to nuclear data is shown
in red.
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neutrons and neutrons from spontaneous fission. Many of the
current alternatives to 3He have difficulty discriminating low
energy neutrons in high c fields.24 The mean energy of
delayed neutrons is approximately 0.5 MeV, making their
detection using recoil-based detectors such as liquid scintil-
lators significantly less efficient than that for prompt
neutrons, since the threshold of such detectors must be set
relatively high in the accompanying c-ray field.

In this work, we demonstrate the combined use of a
dual-particle AI source, neutron scintillation detectors read-
ily scalable to large sizes, and methods of measurement and
data interpretation for effective detection of SNM. First, we
show that an AI source based on the 11B(d,nc)12C nuclear
reaction and suitable for dual-energy c transmission radiog-
raphy13 can also induce a unique delayed neutron signature
(buildup and decay) to confirm the presence of SNM.
Second, we show the use of two types of spectroscopic neu-
tron detectors for this task: a glass-polymer composite
capture-gated detector,25 which has high c ray rejection
capability for lower energy neutrons, and the EJ-309 liquid
scintillation detector26 with high sensitivity to higher-energy
neutrons. Finally, we experimentally demonstrate a measure-
ment and analysis protocol that reveals and integrates time-
dependent delayed neutron buildup and decay signatures
originating from longer-lived delayed neutron groups to infer
the presence of SNM. We corroborate those experimental
results by comparing the observed neutron emission rate
with that predicted by nuclear data—specifically, the para-
metrization into six delayed neutron groups for fast fission of
238U, finding good agreement with the measurement.

The measurements were performed at the Massachusetts
Institute of Technology’s (MIT) Bates Research and
Engineering Center. The 3-MeV radio-frequency quadrupole
(RFQ) accelerator was used to produce a deuteron beam. A
natural boron accelerator target, consisting of 10B (19.9%)
and 11B (80.1%), was inserted into the vacuum system of the
accelerator and nitrogen gas was flowed across the accelera-
tor target head for cooling during the experimental run. Lead
and borated high-density polyethylene were placed around
the accelerator target to restrict the emitted radiation to a
beam. The accelerator was operated at a current of 20 lA
and repetition rate of 300 Hz in three runs, each one lasting
2 min. Natural uranium and tungsten test objects were placed
1 m downstream from the boron target. Natural uranium con-
sisted of rods (27.5 mm in diameter and 238.1 mm in height)
encased in aluminum. The mass of each rod was approxi-
mately 1.9 kg, and a total of ten rods were used. Blocks of
tungsten with varying shapes were assembled to construct a
mass of tungsten approximately equal to the mass of natural
uranium used in the experiment. More details on the experi-
mental layout and the data acquisition are provided in the
supplementary material.27

Two types of neutron detectors were placed on oppo-
site sides of interrogated test objects outside of the AI fan-
beam line. An EJ-309 liquid scintillator detector assembly
(Eljen) was used, which included a Hamamatsu R7724
photomultiplier tube (PMT). The EJ-309 liquid is housed
in a 53.9 mm diameter by 57.1 mm height aluminum
chamber. The second detector is a custom-built composite
scintillator comprised of Li-doped scintillating glass and

scintillating polyvinyl-toluene (PVT),25,28 with dimensions
of 50.8 mm diameter by 50.5 mm height. The individual
Li-glass pieces are in a square rod form factor oriented
along the height of the PVT cylinder and placed in a
pseudo-square array. This composite detector is a sub-
scale prototype with an intrinsic efficiency of 0.33% for
252Cf fission neutrons. The efficiency of the composite and
liquid scintillation detector for delayed neutrons from fast
fission of 238U has been simulated, obtaining 1.2% and
1.4%, respectively.27 The expected delayed neutron rate
can be calculated from the microscopic cross sections for
fission of 238U by 15.1 MeV photons and fast neutrons,29

approximating the incident fast neutron spectrum with
5-MeV monoenergetic neutrons. The fast neutron and
15.1-MeV photon production rates normalized to accelera-
tor current were measured to be 1.3! 109 s"1 lA"1 and
6.2! 106 s"1 lA"1,13 yielding the neutron and 15.1-MeV c
fluxes of approximately 2.1! 105 cm"2 s"1 and 103 cm"2 s"1

at the location at which test objects were placed, with the ac-
celerator current set to 20 lA. The delayed neutron rate at the
time the AI beam is turned off and is estimated to be
2.5! 104 s"1, with the majority of neutrons originating from
fast-neutron-induced fission. The composite scintillation de-
tector was positioned at a distance of 10 cm, while the EJ-309
detector was placed at a distance of 30 cm from the test
object.

The first set of experimental data are shown in Figs. 1
and 2 as time-dependent running average of the detected
neutron rate immediately after the AI beam is turned off. Fits

FIG. 1. b-delayed neutrons observed after the AI beam incident on (a) natu-
ral uranium and (b) tungsten after the beam is turned off (t¼ 0) for the com-
posite scintillation detector. The fit to nuclear data is shown in red.
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Delayed neutron emission after the accelerator beam is turned off
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Delayed neutron buildup measured between accelerator pulses
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FIG. 3. Beta-delayed neutrons buildup observed during the

AI beam incident on a tungsten target (a) and a tungsten

target (b) with the composite detector. The beam is turned

on at t=0 and on for 120 seconds afterwards.

seconds could be indicative of the presence of more neu-
trons than expected when the accelerator is turned o↵.
Additionally, this may be be caused a smearing of the
delayed neutrons’ emission time due to a long irradia-
tion time. Another unique possibly that could arise from
the use of a composite detector is capture-gated spec-
troscopy; although this might be di�cult with shielded
sources. Neutron spectroscopy would allow for an even
further means at positive identification of a source10.
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Discrimination of 238U from 235U based on the 
time profile of delayed neutron emission
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Scaling delayed neutron measurements to large detector areas

Scaling Beta-Delayed Neutron Measurements to Large Detector Areas

minimum in the case of measurement of delayed neutron emission after irradiation (decay),151

as shown in Fig. 2(b). In the case of the measurement of delayed neutron emission during152

irradiation (buildup), the radiation dose equivalent delivered is a function of both the fission153

rate and irradiation time. If the mass, the isotopic composition, and the shape of the SNM154

are known, we can convert the fission rate into radiation dose equivalent. As seen in Fig. 3,155

the dose equivalent exhibits a minimum, and we choose the irradiation time to be at this156

minimum.157

IV. THE CASE STUDY OF CARGO SCANNING158

FIG. 4. Schematic of the geometry used in the case study. An isotropic 14-MeV neutron source

irradiates the cargo container from below and two large neutron detectors are installed on the two

sides of the container

More than 82% of delayed neutrons are emitted by a dozen precursors that are common to159

all fissioning isotopes18, allowing one to increase or decrease the number of delayed neutron160

groups while constraining the precursors to those which are common18. For our case study,161

we arbitrarily choose to use six delayed neutron groups, for which the pertinent parameters162

are listed in Table II.163

The performance of the proposed detection approach is assessed while imposing two164

constraints. First, the dose equivalent delivered cannot be higher than the maximum allowed165

dose equivalent allowed to be received by potential stowaways (500 mrem19). Second, the166
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measurement time cannot be longer than 2 minutes; this constraint is consistent with a167

commonly accepted inspection time that minimizes the impact on commerce20–22.168

We use the Geant4 simulation framework23 to determine the neutron background detec-169

tion rate and the absolute e�ciencies for each delayed neutron group. The physics package170

used in conjunction with Geant4 is QGSP BIC HP23. The detection is based on neutron171

inelastic reaction in a commercial 6LiF:ZnS(Ag) scintillator (EJ-426, Eljen Technologies)172

that produces an alpha particle and a triton.173

FIG. 5. Optimization of the thickness of the PVT component of the detector for six characteristic

delayed neutron groups. The chosen thickness of the PVT component of the detector (7.9 cm) is

shown with a green line.

Two detectors are arranged to be parallel and separated by 248.7 cm, with an air-filled174

cargo container (589.8 cm ⇥ 228.7 cm ⇥ 229.9 cm, 0.25 cm thick, carbon steel material24)175

located between them. The detectors are non-scintillating PVTs with the dimensions of176

589.6 cm ⇥ 7.9 cm ⇥ 229.7 cm and wrapped in a 0.05 cm-thick EJ-426 scintillator. The177

outward facing sides of the detectors are covered with 0.05 cm-thick Cd foil to reduce the178

low-energy cosmic neutron detection rate. To obtain the detector absolute e�ciency for179

each delayed neutron group, an isotropic point neutron source is simulated at the center of180

the cargo container. The energies of neutrons are sampled from the delayed neutron energy181

spectra available in the literature25.182

The thickness of the Cd foil and the thickness of EJ-426 sheet are kept constant at 0.05 cm,183

while the thickness of the PVT is optimized, as shown in Fig. 5. The 6Li constituent of the184

EJ-426 scintillator has a relatively large thermal neutron cross section (⇠940 b at 25 meV)185

and the cross section has a 1/v dependence on the neutron speed (v). As the thickness of186

the PVT moderator is increased, the intrinsic e�ciency of the detector also increases. The187
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Receiver-operator curves for detection of 5 kg of 235U
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FIG. 8. Dependence of the dose equivalent required to satisfy the MDA criteria on the MDA

criteria. The unit of the dose equivalent is mrem.

FIG. 9. Dependence of the dose equivalent on the false negative probability while holding the

false positive probability constant at 0.1% is shown with the solid line. Dependence of the dose

equivalent on the false positive probability while holding the false negative probability constant at

0.1% is shown with the dashed line.

with an acceptable amount of dose equivalent delivered. This also implies that it may be244

possible to detect the presence of a lower quantity of 235U with the imposed MDA criteria245

(i.e., false positive and false negative probabilities being no larger than 0.1%). Using the246

imposed MDA criteria, a quantity of 235U as low as ⇠14 g (lower than Category III quantity247

of strategic SNM10) can be detected within a total measurement time of ⇠11 s. Such248

detection, however, requires the use of a neutron source that can produce 9.2⇥1011 n/s.249

The increase in the neutron background detection rate due to the neutron emission from250

activated nuclides such as 17N is estimated to be 285 n/s, and such increase in the neutron251
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Conclusions

• Prompt and delayed neutrons are powerful indicators of the fission process 

• Room return can be challenging to account for even when nominally 
monoenergetic AI probe sources are used 

• Neutron transmission detectors at moderate distances may also measure 
sufficient signal to accurately determine the fissile material mass 

• Time-dependent delayed neutron emission can be detected over long time 
scales with high accuracy and is in agreement with simulation —> potential 
for isotopic discrimination 

• In all cases, more complex configurations must be investigated to assess 
the limitations of model predictions


